Arsenic amendment increased As uptake and plant growth of Pteris vittata (PV). Phosphate rock (PR) amendment decreased As uptake and plant growth of PV. PR promoted but As decreased Ca and P uptake by PV. PV growth was strongly correlated with plant As with r ¼ 0.82. 9e15% arsenite was detected in control soils after PV growth.
h i g h l i g h t s g r a p h i c a l a b s t r a c t
Arsenic amendment increased As uptake and plant growth of Pteris vittata (PV). Phosphate rock (PR) amendment decreased As uptake and plant growth of PV. PR promoted but As decreased Ca and P uptake by PV. PV growth was strongly correlated with plant As with r ¼ 0.82. 9e15% arsenite was detected in control soils after PV growth.
Introduction
Arsenic (As) is a ubiquitous metalloid in the environments, which poses adverse risks to human health. While As can be released from natural sources such as volcanic eruption and weathering processes (Kumar et al., 2015) , its anthropogenic sources include pesticide application and wood preservation, which contribute more to the environment (Sun et al., 2014; Zhao et al., 2010) . Due to arsenic toxic and carcinogenic characteristics, it is important to remediate As-contaminated soils to reduce its adverse impact on humans and the environment.
Chinese brake fern (Pteris vittata, PV) is the first known Ashyperaccumulator (Ma et al., 2001) . Unlike other plants, PV not only tolerates high As stress in the environment, As exposure actually promotes its growth (Santos et al., 2010) . However, the mechanisms of As-induced plant growth in PV are still unclear. It is known that Ca is important for plant growth and metal detoxification (Hepler, 2005; Schaaf et al., 2002) . Similarly, P contributes to both plant growth and metal detoxification (Lei et al., 2012; de Oliveira et al., 2015) . Since PV prefers to grow in calcareous soils and limestone substrate (Bondada et al., 2006; Ma et al., 2001) , Ca may play a role in plant growth and As detoxification in PV (Li et al., 2006) . In calcareous soils, however, P is often associated with Ca minerals, thereby reducing its availability (Gustafsson et al., 2012; Hesterberg, 2010) . One such mineral phosphate rock (PR) has been used as a low-cost fertilizer in acidic soils (Stamford et al., 2007) . For typical plants, PR is unable to provide adequate P in calcareous soils (Raghothama, 1999; Schachtman et al., 1998) . Unlike typical plants, PV grows well in a calcareous soil amended with 1.5% PR, indicating that PV is effective in solubilizing P from sparingly-soluble PR to supply adequate P for plant growth (Lessl et al., 2014; Lessl and Ma, 2013) .
It is known that arsenate (AsV) is a predominant As species in soils, and as a P analog, it competes with P for plant uptake and soil sorption (DiTusa et al., 2016; Zhao et al., 2010) . For example, the application of insoluble P increased As uptake by PV while soluble P application in soils decreased As uptake by PV (Cao et al., 2003; Santos et al., 2008) . Under P-limiting condition, PV is able to solubilize P from insoluble PR (Lessl and Ma, 2013) , but it is unclear if such dissolution occurs in typical agricultural soils. In addition, it is unclear how PR works together with As application.
The overall objective of this research was to determine the impacts of As and/or PR on As uptake and plant growth of PV grown in agricultural soils. The specific objectives were to evaluate 1) the impacts of As and/or PR amendment on As, Ca and P levels in soils and plants, and 2) the relationships between plant As, Ca and P levels and plant biomass.
Materials and methods

Soil collection and characterization
Three agricultural soils with differing pH were collected from Shandong (Cambisol soil, CS), Jilin (Mollisol soil, MS) and Jiangxi (Ultisol soil, US) of China. The soils were air-dried, sieved through a 2-mm screen. Soil pH was determined in 0.01 M CaCl 2 (1:5 soil to solution) after shaking for 1 h. Dissolved organic carbon (DOC, 1:5 soil to Milli-Q water for 5 h) was measured using a carbon analyzer (Elementar vario TOC, Germany), and particle size was analyzed using a laser particle size analyzer (Beckman Coulter, USA).
For total As, Ca and P, the soils were digested using USEPA Method 3050B on a hot block at 105 C for 8 h (Environmental Express, USA). While available P was extracted using 0.5 M NaHCO 3 for non-acidic soils (MS and CS) and 0.03 M NH 4 Fe0.025 M HCl for acidic soil (US), available Ca and As were extracted by 0.05 M (NH 4 ) 2 SO 4 solution (1:25 soil to solution for 4 h) (Menon et al., 1989; Wenzel et al., 2001) . Arsenic and Ca were determined by inductively coupled plasma mass spectrometry (ICP-MS, NexION 300, PerkinElmer, USA) and atomic absorption spectrophotometry (AAS, PE AAnalyst 900T, USA) respectively. Total P concentration was determined by a modified molybdenum blue method (Carvalho et al., 1998) . To eliminate arsenate (AsV) interference, the samples were first incubated with Lecysteine (5% w/v in 0.6 M HCl) at 80 C for 5 min and determined at 880 nm after pH adjustment to 7.0 (Xu et al., 2014) .
Experimental setup
The soils were spiked with arsenate (AsV; Na 2 HAsO 4 $7H 2 O, SigmaeAldrich, !90%) and PR (8% P and 24% Ca, Ca 10 (PO 4 ) 6 F 2 CaCO 3 , PCS phosphate, White Springs, Florida) as follows: 1) control, 2) 1.5% PR, 3) 50 mg kg À1 AsV, and 4) 1.5% PR and 50 mg kg À1 AsV. To promote better plant growth, the soils were mixed with quartz and 5% organic matter (Xu et al., 2014) . Before use, the spiked soils were aged for a month. They were brought to 50% water holding capacity, and stored in plastic bags (2.5 kg per bag) with partial opening for aeration. To stimulate field dryingewetting cycles, the soils were stored in dark room and Milli-Q water was added to soils weekly. Based on a previous study, As availability was stable after one month of aging . PV plants with 5e6 fronds and~15 cm in height were washed gently to minimize the absorbed soils and transplanted into the aged-soils. All plants were grown in a greenhouse under a light photoperiod of 16 h, a light density of 350 mmol m À1 s
À1
, mean temperature of 25 C and relative humidity of 70% (Xu et al., 2014) . The ferns were watered every 3 days using Milli-Q water and rearranged randomly.
Analysis of total As, Ca and P concentrations in soils and plants
After 90 d of growth, PV plants were harvested and soils attached to PV roots were removed carefully. Both soils and washed PV samples were then freeze-dried for 48 h (Labconco FreeZone 6 plus, USA). Soils were ground and sieved to 2 mm, while PV roots and fronds were ground using liquid nitrogen. Both plant and soil samples were digested using USEPA Method 3050B and analyzed for total As concentration using ICP-MS.
To investigate the potential roles of Ca and P in PV growth, Ca concentration in both soils and plants was analyzed by AAS and P concentration was determined spectrophotometrically as previously described (UV 2550, Shimadzu, Japan).
Arsenic speciation in soils and plants
For As speciation in soils, 1 M ortho-phosphoric acid and 0.5 M ascorbic acid was used to extract As (Giral et al., 2010) .~0.2 g sample was added to a 50 mL vial containing 30 mL extract solution, followed by digestion on the Hot Block System for 10 min at 105 C (Environmental Express, USA). After centrifugation at 3760 g for 10 min, the supernatant was collected and filtered through 0.22 mm filter. The filtered solution was diluted to 50 mL and analyzed for As speciation using high performance liquid chromatography (HPLC; Waters 2695, USA) coupled with ICP-MS.
For As speciation in PV tissues, the procedure was based on Zhang et al. (2002) . In brief,~50 mg samples were ultrasonically extracted by 5 mL methanol/water solution (v/v ¼ 1:1) in ice-bath for 2 h. To avoid As transformation, ice-bath was renewed every 30 min, at which the vials were mixed for 30 s. After two extractions and triple rinses (5 mL per rinse), the supernatants were mixed, diluted, filtered and then analyzed for As speciation using HPLC-ICP-MS.
Statistical analysis
Data were present as the mean of triplicates with standard error. Significant differences were determined using two-way analysis of variance (ANOVA) by Tukey's multiple comparisons test, at p 0.05 using GraphPad Prism (Resease 6.0, USA). Correlation analysis was performed using Origin program (Release 8.5, USA) for univariate linear regression.
Results and discussion
Similar to Lessl and Ma (2013) , three soils with differing pH were used in this study. However, their properties were different. While they used three As-contaminated soils containing 25.5e129 mg kg À1 As, the soils in this study were agricultural soils containing 12.5e15.5 mg kg À1 As (Table 1 ). In addition, the soils with >81% sand were used by Lessl and Ma (2013) , while those in this study contained <45% sand (data not shown). Another difference was soil available P concentrations (0.09e0.38 vs. 1.38e10.1 mg kg
À1
; Table 2 ). The pH in three soils varied from slightly alkaline (CS, pH 7.65), slightly acidic (MS, pH 6.18) to acidic (US, pH 3.99). After amending with 50 mg kg À1 As and/or 1.5% PR for one month, PV was grown in the soils for 90 d.
Arsenic promoted PV frond and root growth
It is known that PV prefers to grow in calcareous soils (Bondada et al., 2006; Ma et al., 2001) , which was confirmed in this study. Among the three soils in the control, PV biomass was the highest in CS soil at 8.96 g, followed by MS and US soils at 7.37 and 2.37 g, with the acidic US soil at pH 4.59e5.38 producing the lowest biomass, which was~1/3 of the CS and MS soils (Fig. 1A) . This data suggested that PV didn't grow well in the acidic soil.
As expected, arsenic promoted PV frond and root growth in all three soils, similar to previous studies (Lessl and Ma, 2013; Singh and Ma, 2006; Xu et al., 2014) . Compared to the control, As amendment increased PV frond biomass by 69e71% from 5.4e6.6 to 9.2e11 g in CS and MS soils, however, the increase was limited from 1.4 to 1.7 g in the acidic US soil (Fig. 1A) . Unlike As, PR amendment generally decreased PV frond biomass in the three soils with or without As. For example, PV frond biomass in PRamended soils was 5.55, 4.20 and 1.08 g, which was 15e25% lower than that in the control (Fig. 1A) . We hypothesized that plant growth was probably stimulated by As in PV, however, it was unclear why PR didn't improve PV growth in the acidic soil.
To test the hypothesis of As-induced plant growth, we determined As concentrations in PV tissues after 90 d growth. Similar to plant biomass, As amendment increased As concentrations in PV whereas the opposite results were found with PR amendment in all three soils (Fig. 2) . In other words, higher As was associated with higher PV biomass. For example, among the three control soils, PV grown in CS soil had the highest root biomass at 2.4 g, followed by MS and US soils at 2.0 and 0.93 g, which corresponded to root As concentrations of 20.7, 7.97 and 7.02 mg kg À1 (Fig. 2) . Similar data were obtained for PV fronds. The data suggested that higher As in PV probably induced better PV growth, which was supported by the strong correlation of frond As with frond biomass at r ¼ 0.83 and root As with root biomass r ¼ 0.75 (data not shown). In other words, As stimulated both frond and root growth of PV. The ability of PV in translocating As from the roots to fronds is related to its ability in As detoxification, which was consistent with our data as the ratios of frond As to root As were highly correlated with both frond and root biomass (r ¼ 0.65e0.67). Our data showed that efficient As translocation from the roots to the fronds of PV allowed higher As tolerance (Figs. 1A and 2). To better understand As-induced PV growth, we determined Ca and P concentrations and As speciation in soils and plants.
3.2. PR amendment increased available P but reduced available As in soils Lessl and Ma (2013) reported that, compared to P-fertilizer control, PR amendment resulted in larger root biomass (33%) and better As uptake (57%). As previously described, however, this was not the case in our study as PR amendment decreased root As by 14e43% and frond As by 13e72% (Fig. 2) . This was probably due to the difference in available P in the soils used in the two studies. Sandy soils with low available P (0.09e0.38 mg kg À1 ) were used by Lessl and Ma (2013) whereas it was much greater in our study (1.38e10.1 mg kg
À1
; Table 2 ). However, it was important to note that different methods were used to extract available P, i.e., NaHCO 3 and NH 4 FeHCl in this study but (NH 4 ) 2 SO 4 in Lessl and Ma (2013) . The data suggested that under P-limited condition, PV roots solubilized adequate P from PR for plant growth, and the low available P increased As uptake by reducing AseP competition. In both cases, PR affected PV growth by impacting plant As uptake, i.e., greater As uptake in Lessl and Ma (2013) enhanced PV growth while lower As uptake in this study reduced PV biomass.
To support this hypothesis, we determined available As concentrations in three soils after plant growth. Among different treatments, available As in the three soils followed similar trend. For example, in the control, the acidic US soil had the lowest available As at 0.83 mg kg À1 compared to 1.47 and 1.69 mg kg À1 for MS and CS soils ( Table 1) . The lower available As in the US soil corresponded to the lowest As uptake by PV, which may be due to the lower pH as mentioned above (Table 1 and Fig. 2 ). Similar trend was observed in the PR treatment. In addition, PR treatment reduced available As in all three soils (0.83e2.88 vs. 0.69e2.61 mg kg
; Table 1 ), again corresponding to lower As uptake by PV in PR-treated soils than the control. The most likely scenario was that As in soils was absorbed by PR, thereby reducing its availability (Bissen and Frimmel, 2003) . To test this hypothesis, we mixed 1.5% PR with Milli-Q water containing 50 mg L À1 AsV at pH 7.0, we found that after 24 h,~0.75 mg g À1 AsV (22%) was absorbed by PR (data not shown). Based on our data, PR amendment reduced available As in soils, thereby reducing PV As uptake and plant growth. To determine the impact of PR on P availability, we also determined soil available P. Results showed that although PR amendment reduced available As, it increased soil available P (1.28e10.9 vs. 5.72e12.4 mg kg À1 ) (Tables 1 and 2 ). The increased available P in the soils may have competed with plant As uptake, reducing As concentrations in PV (DiTusa et al., 2016) . In addition, plant root exudates probably helped PR solubilization. This was supported by the increase in DOC in the soils from 24.3e63.3 to 47.8e143.2 mg kg À1 after PV growth (Table 2) , which was consistent with previous studies (Lessl and Ma, 2013; Tu et al., 2004) . Among three soils, CS soil had the highest DOC at 143e239 mg kg À1 , followed by MS and US soils (85e132 and 47.8e78.4 mg kg À1 ; Table 2 ). Similar to Tu et al. (2004) and Lessl and Ma (2013) , both As and PR amendments increased DOC in the soils. Unlike soil P, though total Ca was increased by PR and As amendment, there was little change in soil available Ca partially due to the large amount of available Ca in the three soils (Table 2 ). In short, PR amendment reduced plant As uptake by decreasing soil available As while increasing soil available P (Tables 1 and 2 ). However, the role of Ca in plant As uptake remained unclear.
PR amendment increased P and Ca uptake by PV but As amendment showed opposite
Since PV prefers to grow in calcareous soils, Ca may play a role in As detoxification in PV (Li et al., 2006) . Similarly, as an analog of arsenic and a nutrient for plant growth, P may be critical for PV growth under As stress (Lei et al., 2012; Singh and Ma, 2006) . To better understand As-induced biomass increase, we also determined Ca and P concentrations in PV biomass. Since PR used in this study consists of 8% P and 24% Ca, addition of 1.5% PR to soils would invariably increase available Ca and P concentrations in soils (Lessl and Ma, 2013) (Table 2) , which translated into higher Ca and P uptake by PV (Fig. 1B and C) .
Among the three soils in the control, the highest available Ca was observed in CS soil (3870 mg kg À1 ), followed by MS soil (3169 mg kg À1 ) and US soil (1587 mg kg À1 ). Correspondingly, PV grown in the CS soil had the highest frond Ca (15.3 mg g À1 ), followed by MS soil (7.17 mg g À1 ) and US soil (6.14 mg g À1 ) (Fig. 1B) .
Similar trend was observed for root Ca (8.77, 5.82 and 3.43 mg g À1 ; Fig. 1B ). While PR amendment resulted in higher Ca uptake by PV in all three soils (9.17e27.1 g kg À1 for fronds and 4.66e12.2 g kg À1 for roots), As treatment decreased Ca uptake (8.21e20.2 and 2.88e8.49 g kg À1 ; Fig. 1B) , which is consistent with Tu and Ma (2005) . However, our data were different from Li et al. (2006) who showed that Ca concentrations (2.8e3.1 mg g À1 ) in the mature pinna of PV was correlated to As concentration, they thus attributed Ca to As detoxification. Given the fact that As promoted PV growth Han et al., 2016) , but elevated As decreased plant Ca (Fig. 1B) , we hypothesized that Ca probably had a limited role in As detoxification and PV growth in this study as Ca in PV tissues was poorly correlated with PV biomass at r < 0.15 (data not shown). Similar to Ca, among the three soils, PV also had the highest frond and root P in CS soil (271 and 706 mg kg À1 ), followed by MS soil (232 and 659 mg kg À1 ) and US soil (180 and 434 mg kg À1 ) (Fig. 1C) . Again, PR amendment increased both frond P (262e365 mg kg À1 ) and root P (608e1034 mg kg
À1
), which were reduced to 178e253 mg kg À1 in the fronds and 415e637 mg kg À1 in the roots with As amendment (Fig. 1C ). However, this was different from Singh and Ma (2006) and Xu et al. (2014) who reported Asinduced P accumulation in PV roots. Similar to Ca, P in PV tissues was poorly correlated with PV biomass at r ¼ 0.20e0.28 (data not Menon et al. (1989). shown). This was consistent with the fact that As þ PR treatment had higher Ca and P than the As treatment ( Fig. 1B and C ) yet lower frond biomass (Fig. 1A) . In addition, though frond and root Ca was highly correlated with P (r ¼ 0.74e0.78), no correlation was obtained between frond/root Ca or P with As (data not shown).
As shown in Fig. 1B and C, most of the Ca was accumulated in the fronds (4.31e27.1 vs. 2.88e12.2 g kg À1 ) while P was primarily accumulated in the roots (415e1034 vs. 178e365 mg kg À1 ), which was different from previous studies (de Oliveira et al., 2015; Xu et al., 2014) . In rice (Oryza sativa), Dwivedi et al. (2010) found that accumulated P was predominant in the shoots, being 1313 vs. 400 mg kg À1 in the shoots and roots following a growth season in the soil containing 484 mg kg À1 P. For Ca distribution in nonhyperaccumulators, it is reported that higher Ca is often observed in the roots responding to metal toxicity, but this was not the case with PV as most of the Ca was in the fronds (Lindberg et al., 2012) . Therefore, the differences of Ca and P distribution between hyperaccumulators and non-hyperaccumulators and their roles in As detoxification and plant growth warrant further investigations.
Low arsenite concentrations were observed in PV rhizosphere
Besides total As concentrations, we also determined As speciation in soils and PV biomass after 90 d growth. In the control soils with PV, both arsenite (AsIII) and AsV were detected, with 9.0e15% being AsIII (Table 1) . However, in the no-plant control soils, no AsIII was detected (Table 1 ). In typical aerobic soils, AsIII has not been observed as AsV is the stable species. For example, Xu et al. (2014) found that no AsIII was detected in no-plant treatments. However, they also detected up to 7.9% AsIII in the rhizosphere of PV after 60 d of growth. This is consistent with Han et al. (2016) who showed that PV effluxed 120 mg AsIII kg À1 fresh roots to the external environment under As exposure (37.5 mg kg À1 for 2 months). Thus, it was possible that the AsIII in PV rhizosphere was from efflux of PV roots. However, it was unclear why no AsIII was detected in the As treatment either in this experiment (Table 1) or Xu et al. (2014) . It is possible that most bacteria colonizing the rhizosphere of PV belong to AsIII-oxidizers (Mathews et al., 2010; Wang et al., 2012) , which are probably stimulated under As stress. As a result, the effluxed AsIII might be oxidized quickly under high As stress , which was consistent with our data that AsV dominated in all three soils (Table 1 ). Similar to the existing studies (Lessl and Ma, 2013; Xu et al., 2014) , for As speciation in PV, AsV dominated in the roots and AsIII in the fronds (Fig. 2) . For example, 52e72% of As in the roots of PV grown in all three soils were AsV (Fig. 2AeC) . The low AsV in the roots was probably due to the inclusion of rhizomes, which are dominated by AsIII, similar to PV fronds Mathews et al., 2010) . Different from root As, AsIII dominated in PV fronds ranging from 65 to 95% (Fig. 2DeF) . The ability of PV in reducing AsV to AsIII is directly related to its ability to detoxify As, which was supported by the positive correlation of As reduction in PV biomass with its biomass (Figs. 1A and 2 ). For example, the ratios of AsIII/ (AsIII þ AsV) in the fronds were highly correlated with frond biomass at r ¼ 0.72, however, no correlation was found for the roots.
Conclusions
Our study investigated the impact of As and/or PR amendment on available soil As, Ca and P, and their relationship with plant uptake of As, Ca and P and PV growth in three agricultural soils. While As amendment increased plant As uptake and growth of PV, PR amendment decreased available As while increased available P in the soils. In addition, AsV predominated in all three soils, with only 9.0e15% of total As being AsIII in the control after PV growth, which might be effluxed from PV roots.
Among three soils, PV grown in CS soil had the highest plant As, Ca, P and biomass, followed by MS soil, with the acidic US soil being the lowest. Further analyses showed that plant biomass was strongly correlated with plant As (r ¼ 0.82), but weak correlations with plant Ca and P (r < 0.30). However, the mechanisms of Asinduced PV growth need further research. 
